Rationale and Objectives: Hepatocyte growth factor (HGF) protects against lung fibrosis in several animal models. Pro-HGF activation to HGF is subjected to regulation by its activator (HGFA), a serine protease, and HGFA-specific inhibitors (HAI-1 and HAI-2). Our hypothesis was that fibroblasts from patients with idiopathic pulmonary fibrosis (IPF) had an altered capacity to activate pro-HGF in vitro compared with control fibroblasts. Methods: We measured the kinetics of pro-HGF activation in human lung fibroblasts from control subjects and from patients with IPF by Western blot. HGFA, HAI-1, and HAI-2 expression was evaluated by immunohistochemistry, RNA protection assay, and Western blot. We evaluated the effect of TGF-␤ 1 and PGE 2 on pro-HGF activation and HGFA, HAI-1, and HAI-2 expression. Main Results: Lung fibroblasts activated pro-HGF in vitro. Pro-HGF activation was inhibited by serine protease inhibitors, by an anti-HGFA antibody, as well as by HAI-1 and HAI-2. Pro-HGF activation by IPF fibroblasts was reduced compared with control fibroblasts. In IPF fibroblasts, HGFA expression was lower and HAI-1 and HAI-2 expression was higher compared with control fibroblasts. PGE 2 stimulated pro-HGF activation through increased expression of HGFA and decreased expression of its inhibitor HAI-2. In contrast, TGF-␤ 1 reduced the ability of lung fibroblasts to activate pro-HGF through decreased expression of HGFA and increased expression of its inhibitors. Conclusions: IPF fibroblasts have a low capacity to activate pro-HGF in vitro via a low level of HGFA expression and high levels of HAI-1 and HAI-2 expression, and PGE 2 is able to partially correct this defect.
fibrotic process by HGF has been reported in other organs such as the liver or the kidney (7) .
HGF is secreted by various cell types, including pulmonary fibroblasts, as an inactive 92-kD single-chain precursor form, pro-HGF (8, 9) , and remains in this form under physiologic conditions. Once tissue injury occurs, active mature HGF is produced from pro-HGF by proteolytic processing. Mature HGF is a heterodimeric molecule consisting of an ␣ chain (62 kD) and a ␤ chain (32-36 kD) held together by a disulfide bond. To be biologically active, its heterodimeric form is required (9) (10) (11) . Therefore, the regulation of proteolytic activation of pro-HGF appears to be an important event in the regulation of HGF biological activity.
Among the serine proteases able to cleave pro-HGF, HGF activator (HGFA) is the most efficient both in vitro (8, 12) and in injured tissues (9) . HGFA is synthesized as a 96-kD inactive precursor and is secreted by various cell types such as hepatocytes (8) . HGFA expression may be increased in the injured organ (9) . HGFA is then locally activated to the active form (34 kD), mainly by thrombin (13) .
The bioactivity of HGFA is regulated by its specific inhibitors: HGF activator inhibitor type 1 (HAI-1) and HGF activator inhibitor type 2 (HAI-2) (14, 15) . HAI-1 and HAI-2 are structurally similar and each contains two Kunitz-type serine proteinase inhibitor domains (14, 15) . Both HAI-1 and HAI-2 genes are abundantly expressed in various tissues including the lung (16) . HAI-1 protein has been localized on the cellular lateral surface (17) , whereas HAI-2 protein has been observed mainly in the cytoplasm or at the apical surface (18) . Accordingly, the activation of pro-HGF is regulated in vivo by the dynamic interactions of HGFA and its inhibitors.
Despite the critical importance of HGF in lung homeostasis and its well-identified antifibrotic properties, pro-HGF activation and its regulation have never been evaluated in lung fibrosis. Our group has previously shown that fibroblasts from patients with idiopathic pulmonary fibrosis (IPF) secrete low levels of HGF in vitro (19) . We hypothesized that low HGF expression by IPF fibroblasts could be associated with an imbalance in the pro-HGF activating process. Therefore, we examined the pro-HGF activation pathway and the expression of its main regulatory molecules, HGFA, HAI-1, and HAI-2, in pulmonary fibroblasts cultured from patients with IPF and control patients. Some of the results of these studies have been previously reported in the form of an abstract (20) .
METHODS
This study was approved by the ethics committee of Paris-Bichat University Hospital (Paris, France).
Patients with Lung Fibrosis
Fibroblasts were derived from lung tissue sampled from 10 patients with IPF. Lung samples were obtained by open lung biopsy (n ϭ 5) or at the time of lung transplantation (n ϭ 5). IPF was diagnosed according to American Thoracic Society/European Respiratory Society consensus criteria (21) . Patients (eight males and two females) had a median age of 50 yr (range, 44-69 yr). Seven were ex-smokers and three had never smoked. At the time of lung sampling, three patients were being treated with low-dose oral corticosteroids, associated with azathioprine in one patient.
Control Patients
Fibroblasts were derived from lung samples from six patients (four males and two females) undergoing lung surgery for removal of a primary lung tumor. Normal lung sample was obtained from a noninvolved segment, remote from the solitary lesion. The median age of these patients was 54 yr (range, 28-68 yr). Two patients had never smoked, two were ex-smokers, and two were active smokers.
Culture of Fibroblasts
Human lung fibroblasts were cultured from lung explants until passage 5 as previously described (19) .
Pro-HGF Activation by Human Fibroblasts
Pro-HGF activation was assayed by Western blot, measuring the pro-HGF and cleaved HGF forms in fibroblast supernatants as described previously (22, 23 ) (see the online supplement for additional details). In brief, the fibroblasts were incubated in 50 l of medium containing recombinant human HGF (rhHGF) consisting of a mix of pro-HGF and mature HGF (1 g/ml) for various durations (0 min, 15 min, 30 min, 1 h, 3 h, and 5 h) in the presence of thrombin (5 units/ml) for HGFA activation.
To explore the modulation of the pro-HGF activation process, the following substances were added 30 min before adding rhHGF: (1 ) a mix of serine protease inhibitors (10 Ϫ5 M aprotinin, 10 Ϫ4 M leupeptin, and 10 Ϫ3 M phenylmethylsulfonyl fluoride), (2 ) recombinant mouse HAI-1 (4 g/ml), (3 ) recombinant human HAI-2 (4 g/ml), (4 ) anti-HGFA polyclonal antibody (20 g/ml), (5 ) anti-HAI-1 (100 g/ml) or anti-HAI-2 (100 g/ml), two mouse monoclonal antibodies (14, 15) , or (6 ) control IgG monoclonal antibodies (100 g/ml).
In some experiments, fibroblasts were incubated for 18 h with recombinant human transforming growth factor-␤ 1 (TGF-␤ 1 ; 10 ng/ml), prostaglandin E 2 (PGE 2 ; 10 Ϫ6 M), or indomethacin (2.5 g/ml) before adding rhHGF.
In some experiments, we incubated pro-HGF with conditioned medium from control (n ϭ 4) and IPF fibroblasts (n ϭ 4) in the presence of thrombin, for 30 min to 5 h. Conditioned medium consisted of Dulbecco's modified Eagle's culture medium without fetal bovine serum, recovered after a 1-h incubation with fibroblasts.
HGF Western blot analysis was performed under reducing conditions as previously described (24) (see the online supplement for additional details). Results of pro-HGF activation were expressed as the ratio of remaining pro-HGF relative to pro-HGF measured at 0 min.
Immunohistochemical Detection of HGFA, HAI-1, and HAI-2
We detected HGFA, HAI-1, and HAI-2 expression in control and IPF fibroblasts by using a polyclonal goat antibody to HGFA and monoclonal mouse antibodies to HAI-1 and HAI-2 (see the online supplement for additional details).
Quantitative Analysis of HGFA, HAI-1, and HAI-2 mRNA HGFA, HAI-1, and HAI-2 mRNAs were quantified by real-time reverse transcriptase-polymerase chain reaction. The transcripts of human 60S ribosomal protein L13A (RPL13A) served as endogenous RNA control samples (24) (see the online supplement for additional details). Total RNA was extracted from fibroblasts as previously described (24) . Results were expressed as the ratio of HGFA, HAI-1, or HAI-2 to RPL13A.
Western Blot Analysis of HGFA and HAI-1
HGFA and HAI-1 protein content was evaluated by Western blot (see the online supplement for additional details). Results for HGFA and HAI-1 were expressed as the ratio of HGFA or HAI-1 to ␤-actin.
Statistical Analysis
All data were expressed as the median (range 
RESULTS

Pro-HGF Activation by Lung Fibroblasts
We have previously observed that HGF was present mainly in the cleaved mature form (presence of the 69-kD ␣ chain) in IPF and control lung fibroblast supernatants after 18 h of culture (19) . We studied the ability of IPF and control fibroblasts to activate a fixed pro-HGF quantity added to the cell culture medium.
In all control cultures, exogenous pro-HGF was quickly cleaved to mature HGF. After a 1-h incubation, 17% (6 to 50%) of pro-HGF remained ( Figures 1A and 1C ) and 15% (0 to 33%) remained after 5 h of incubation. Pro-HGF processing was inhibited by 51% (35 to 76%) by a mix of serine protease inhibitors, thus demonstrating the partial dependence of the activation process on serine proteases in fibroblast cultures ( Figure 1A ). In the absence of exogenous HGF, pro-HGF and HGF were not detected in fibroblast supernatants after 5 h of incubation ( Figure 1A ).
Pro-HGF activation in all IPF fibroblast cultures was much slower than in control fibroblasts. In IPF fibroblasts, remaining pro-HGF was 80% (64 to 84%) and 49% (30 to 55%) after 1 and 5 h of incubation, respectively (p Ͻ 0.05, compared with control subjects; Figures 1B and 1C) .
Fibroblast-conditioned medium had a small activating effect on exogenous pro-HGF in the presence of thrombin but without any significant difference between IPF and control conditioned media (see Figure E1 of the online supplement for additional details).
We assessed whether the HGFA-dependent pathway of pro-HGF activation was involved in pro-HGF activation in vitro. Inhibition of HGFA consistently stopped pro-HGF activation by control fibroblasts. Indeed, in control fibroblasts, addition of a neutralizing anti-HGFA antibody reduced the activation of pro-HGF by 31% (2 to 53%) (p Ͻ 0.05), and addition of recombinant mouse HAI-1 or recombinant human HAI-2 inhibited this process by 35% (19 to 61%) and 27% (2 to 52%), respectively (p Ͻ 0.05; Figures 2A and 2B ). The neutralizing anti-HAI-1 and anti-HAI-2 antibodies did not modify pro-HGF activation. These results demonstrate that the HGFA-dependent pathway of pro-HGF activation is active in lung fibroblasts in vitro.
In similar experiments performed with IPF fibroblasts, anti-HGFA antibody also partially inhibited pro-HGF activation (90% [42 to 100%] vs. 64% [28 to 85%] of pro-HGF remaining at 1 h) ( Figures 2C and 2D ). In contrast, addition of neutralizing anti-HAI-1 antibody increased the rate of pro-HGF activation (46% [2 to 66%] vs. 64% [28 to 85%] of pro-HGF remaining at 1 h). Anti-HAI-2 antibody had a similar positive effect (31% [4 to 50%] of remaining pro-HGF). The mouse and goat IgG control antibodies had no effect on pro-HGF activation (see Figure E2 for additional details).
Altogether, these results show that lung fibroblasts are able to activate pro-HGF by HGFA-dependent cleavage. They also point toward a slowdown in pro-HGF activation in IPF fibroblast cultures, which is modulated by HGFA activation or inhibition.
HGFA Expression in Lung Fibroblasts in vitro
In the next set of experiments, we hypothesized that a difference in the level of expression of HGFA or its physiologic inhibitors, HAI-1 and HAI-2, could explain the slow rate of pro-HGF activation by IPF fibroblasts.
We first evaluated HGFA expression in fibroblasts. In vitro, every fibroblast cultured from both normal and fibrotic lung strongly expressed HGFA, as assessed by immunohistochemistry ( Figures 3A and 3B) .
HGFA mRNA was detected in all lung fibroblasts. The HGFA:RPL13A mRNA ratio was lower in IPF fibroblasts (0. Figures 3D and 3E) . Interestingly, the active form of HGFA was not detected in IPF and control fibroblast supernatants (data not shown). These results demonstrate a defect in the expression of HGFA expression in IPF fibroblasts.
HAI-1 and HAI-2 Expression by Lung Fibroblasts in vitro
After its activation, the action of HGFA on pro-HGF activation is negatively regulated by two serine protease inhibitors, HAI-1 and HAI-2 (14, 15) . We therefore evaluated HAI-1 and HAI-2 expression in IPF and control fibroblast cultures. HAI-1 and HAI-2 expression was detected by immunohistochemistry in every fibroblast, both in control subjects and in IPF (Figures 4A-4D) .
HAI-1 and HAI-2 mRNAs were detected in all lung fibroblasts. The HAI-1:RPL13A and HAI-2:RPL13A mRNA ratios were higher in IPF fibroblasts (0. These results demonstrate an increase in the expression of HAI-1 and HAI-2, two inhibitors of HGFA, and a decrease in HGFA expression by IPF fibroblasts, all contributing to a slower pro-HGF activation process. 
PGE 2 Stimulates Pro-HGF Activation
We and others have previously observed that secretion of PGE 2 , an antifibrotic mediator (25) , by IPF fibroblasts is profoundly decreased and could contribute to reduced HGF secretion (19) . We evaluated whether PGE 2 could favorably regulate pro-HGF activation by lung fibroblasts through the modulation of HGFA, HAI-1, and HAI-2 expression. PGE 2 increased HGFA mRNA by 80% (22 to 123%; p Ͻ 0.05), but PGE 2 had contrasting effects on the expression of its inhibitors. PGE 2 increased HAI-1 mRNA by 170% (154 to 330%) but decreased HAI-2 mRNA by 45% (ϩ80 to -88%) in control fibroblasts (p Ͻ 0.05; Figure 5A ). PGE 2 had a similar effect on HGFA (ϩ42% [-29 to ϩ120%]), HAI-1 (ϩ75% [-36 to ϩ259%]), and HAI-2 (-50% [-80 to ϩ73%]) expression in IPF fibroblasts (p Ͻ 0.05 for all comparisons; Figure 5B ).
We next evaluated the kinetics of pro-HGF activation in the presence of PGE 2 . Culture of control fibroblasts with PGE 2 (10 Ϫ6 M) for 18 h had no significant effect on the pro-HGF activation capacity of fibroblasts, most probably because pro-HGF activation was already maximal (Figures 6A and 6B) . In contrast, incubation of IPF fibroblasts with PGE 2 for 18 h increased pro-HGF activation capacity by 36% (17 to 63%; p Ͻ 0.05; Figures  6C and 6D ). The effect of PGE 2 was completely inhibited by incubation with anti-HGFA antibody, indicating that pro-HGF activation modulation by PGE 2 involves HGFA. The ranges of response to PGE 2 were similar in IPF and control fibroblasts. To evaluate the effect of endogenous prostaglandins on the pro-HGF activation process, control fibroblasts were incubated for 18 h with indomethacin, an inhibitor of cyclooxygenase-1 and cyclooxygenase-2. Indomethacin reduced pro-HGF activation by 53% (24 to 89%; p Ͻ 0.05; Figure 7A ) and strongly decreased HGFA mRNA expression by 88% (38 to 99%; p Ͻ 0.05; Figure  7B ). In contrast, indomethacin had no effect on IPF fibroblasts ( Figures 7C and 7D) .
These results suggest that PGE 2 may positively regulate the pro-HGF activation process by IPF fibroblasts essentially through an increase in HGF activator.
TGF-␤ 1 Inhibits Pro-HGF Activation
TGF-␤ 1 is a major player in both initiation and progression of pulmonary fibrosis. TGF-␤ 1 has been shown to regulate transcriptional and posttranscriptional expression of HGF in lung fibroblasts (26, 27) . We assessed the ability of TGF-␤ 1 to modulate pro-HGF activation by influencing HGFA, HAI-1, and HAI-2 expression in lung fibroblasts, and therefore to contribute to the phenotype of IPF fibroblasts.
In control fibroblasts, TGF-␤ 1 decreased HGFA mRNA by 60% (49 to 90%), increased HAI-1 mRNA by 65% (10 to 635%), and increased HAI-2 mRNA by 112% (12 to 428%; p Ͻ 0.05; Figure 8A ). TGF-␤ 1 had a similar effect on HGFA, HAI-1, and HAI-2 mRNA expression in IPF fibroblasts (p Ͻ 0.05; Figure  8B ).
Incubation with TGF-␤ 1 decreased pro-HGF activation in all control cultures by 39% (20 to 70%) after 1 h compared with basal conditions (p Ͻ 0.05; Figures 9A and 9B) . TGF-␤ 1 had a These results indicate that TGF-␤ 1 may contribute to the defect of pro-HGF activation by IPF fibroblasts through the modulation of expression of HGF activator, and its specific inhibitors HAI-1 and HAI-2.
DISCUSSION
In the present study, we demonstrate for the first time that (1) lung fibroblasts have the ability to activate pro-HGF in vitro through HGFA; (2) IPF fibroblasts have a reduced ability to activate pro-HGF that is related to the decreased expression of HGFA and the increased expression of its inhibitors HAI-1 and HAI-2; (3) PGE 2 has the capacity to restore, at least in part, the pro-HGF activation process in IPF fibroblasts; and (4) TGF-␤ 1 could play a critical role in the inhibition of pro-HGF activation by fibroblasts in IPF.
HGF is secreted as an inactive form, pro-HGF, and is associated with the extracellular matrix in the producing tissues. To generate biologically active HGF, the proteolytic conversion of the single-chain precursor form, pro-HGF, to the two-chain heterodimeric active form is essential (10) . This proteolytic process is a critical event to regulate HGF activity in the extracellular microenvironment. In vitro, HGFA is the most efficient serine protease to cleave pro-HGF to mature HGF (8, 12) . Although several other serine proteases are known to activate pro-HGF in vitro, such as urokinase-type activator (28), tissue-type plasminogen activator (28) , matriptase I (29), and blood coagulation factors XIIa (12) and XIa (30) , as well as plasma kallikrein (30) , their role in the activation of pro-HGF in fibroblast cultures is unknown. HGFA activity was first detected in a primary culture of hepatocytes (10) . HGFA is expressed mainly in parenchymal cells of adult liver and secreted into the blood. A study on human samples showed that HGFA is also produced in the gastrointestinal tract, is weakly expressed in the kidney, and is almost undetectable in the brain, heart, testis, and ovary (31) . To our knowledge, there are no current data on HGFA expression in the lung. Although it has been previously shown that HGFA mRNA was present in a human fetal fibroblast cell line (MRC5) (32), our results demonstrate that HGFA is expressed in human adult lung fibroblasts.
HGFA is secreted as an inactive precursor, and thrombin has been identified as the main and most effective protease for cleavage of the HGFA precursor (13) . The activation of HGFA may be neutralized by its two specific serine protease inhibitors, HAI-1 and HAI-2 (14, 15) . HAI-1 and HAI-2 bind to HGFA to prevent its binding to pro-HGF and to cleave it into the active heterodimer HGF. The inhibiting abilities of HAI-1/2 rely on the presence of Kunitz domain 1. Both HAI-1 and HAI-2 genes are expressed abundantly in various tissues including the lung (16) .
To our knowledge, this is the first study to demonstrate pro-HGF activation by human lung fibroblasts. We observed that pro-HGF activation in lung fibroblast cultures was regulated in part by HGFA. We found a decrease in HGFA expression associated with an increase in HAI expression in IPF fibroblasts compared with control fibroblasts. This opposition in HGFA and its inhibitors expression has been previously observed in many cell lines (32) .
In our study, a mix of serine protease inhibitors, an anti-HGFA antibody, or recombinant HAI-1/2 only partially inhibited the pro-HGF activation process, highlighting the partial dependence of the activation process on serine proteases in fibroblast cultures. We cannot explain why this activation is independent of HGFA, but other proteases could activate pro-HGF in vitro (30) . Because we used recombinant mouse HAI-1, interspecies differences may complicate the interpretation of our inhibition assay, as different results might have been obtained with recombinant human HAI-1. However, recombinant human HAI-1 was not available to us.
Interestingly, the conditioned medium of fibroblasts had a small capacity to activate pro-HGF compared with fibroblasts. This suggests that pro-HGF activation is essentially controlled by membrane-associated proteases as already shown by Kataoka and colleagues (33) .
Few studies have evaluated the pro-HGF activation process in the pathophysiology of tissue fibrosis. In a murine model of bleomycin-induced lung fibrosis, pro-HGF was found in lung homogenates but was not found in the bronchoalveolar lavage fluid, indicating that all of the HGF present in bronchoalveolar lavage is activated in this model (5) . In a rat cirrhosis model, insufficient HGF activation results in reduced expression of hepatic HGFA and increased expression of splenic HAI-1, and may be the reason for impaired liver regeneration observed after partial hepatectomy compared with normal liver (34) . In this model, therapy with exogenous active HGF results in effective liver regeneration via up-regulation of HGFA expression (35) .
The regulation of HGFA and HAI expression is poorly understood. HGFA and HAI-1 could be upregulated by interleukin 1␤ (33) . Studies of HGFA and HAI promoters suggest that cytokines involved in the early inflammatory response could regulate HGFA and HAI-1 expression (36, 37) . In the present study, HGFA and HAI expression is modulated by TGF-␤ 1 and PGE 2 . TGF-␤ 1 down-regulates HGFA and upregulates HAI-2 and HAI-1, limiting the pro-HGF activation process. PGE 2 has effects opposite to that of TGF-␤ 1 on HGFA and HAI-2 expression and favors pro-HGF activation. However, both TGF-␤ 1 and PGE 2 stimulate HAI-1 expression. This demonstrates a difference in the regulation of HAI-1 and HAI-2 expression as suggested in previous studies (33, 37) . The preferential inhibitory effect of PGE 2 on HAI-2 expression is interesting because HAI-2 is a more potent inhibitor of HGFA than is HAI-1 (15) .
Altogether, our data support the view that part of the protective effect of PGE 2 and of the harmful effect of TGF-␤ 1 on pulmonary fibrosis occurs through the modulation of pro-HGF activation by pulmonary fibroblasts. HGF acts as an antifibrotic molecule, as observed in vivo, where the provision of HGF limits lung fibrosis after bleomycin injury in rodents when given intravenously (3) or intratracheally (4), even several days after the insult. HGF promotes repair of the alveolar epithelium, acting as a mitogen, motogen (2) , and morphogen for alveolar epithelial cells. HGF is also able to protect cells from apoptosis in vitro (38) . Reduction of pro-HGF activation by fibroblasts from fibrotic lung may contribute to their ability to induce the apoptosis of alveolar epithelial cells in vitro whereas normal fibroblasts do not (39) . This may be of importance as apoptotic alveolar epithelial cells are adjacent to the site of fibroproliferation in vivo in the fibrotic lung (40) .
We conclude that the capacity for pro-HGF activation of pulmonary fibroblasts obtained from patients with pulmonary fibrosis is profoundly decreased. This defect appears to be secondary to the dysregulation of HGFA and HAI expression and could contribute to the alteration of the alveolar repair process that is a characteristic of the disease. Our study also argues for the role of an imbalance of TGF-␤ 1 and PGE 2 in the pathophysiology of pulmonary fibrosis.
